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Abstract
The ambition to apply carbon capture and storage (CCS) requires the provision of effective monitoring approaches
that can be applied to detect and to characterize a potential migration or leakage of CO2 and saline formation water
into geological compartments between the storage formation and the protected groundwater resource. The sensitivity 
of monitoring techniques to detect such leakages into near-surface groundwater is therefore discussed in this study. 
The most significant geochemical processes following a CO2 leakage are the lowering of the pH due to the formation 
of carbonic acid and a rising of the electric conductivity (EC) due to mineral (especially carbonate) dissolution in the 
groundwater. It is shown that the variation in the EC is in principle detectable by geoelectric measurements. The
detectability is reduced in non-calcareous aquifers, because the variation in the EC as a consequence of carbonate 
dissolution is at a lower level. Since the carbonate contents in such aquifers are barely known, a regionalization of 
carbonate contents in North German aquifers was only possible based on groundwater analyses. Although the
geoelectric measurements can be in principle capable of detecting the effects of a CO2 leakage, their results can only 
cover a comparatively small area. The area-wide survey method of airborne-electromagnetics was tested for a base-
line monitoring and may be suitable to detect CO2 leakages, but evaluating the sensitivity of this method with respect 
to variations in the geological parameters and boundary conditions of the CO2 leakage needs to be part of future 
works.
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Introduction 
The significance and proportionality of monitoring measures for surveying the subsurface storage of 
CO2 has gained high importance with respect to enforceability and acceptance in the recent years. 
Consequently, studies have been published recently, which either focused on monitoring methods or on 
conceptual approaches [1, 2].  
Monitoring in general has to be divided into aspects covering two main goals. The first goal comprises 
approaches to safeguard the normal operation of gas or liquid storage (in the following CO2 as an 
example). The second goal covers approaches to monitor the impact of the accidental release of 
substances as a consequence of abnormal storage operation. The latter approaches are rated higher with 
respect to the proportionality of the applied methods and their costs. Großmann and colleagues therefore 
suggest a tiered concept in order to react to incidents such as unexpected pressure increase in the cap rock 
or certain variations in geophysical parameters [3]. The basis for this concept, which is derived from the 
German Hazardous Incident Ordinance and exhibit a modification of the EU directive for CCS [4], is the 
delineation of the storage system into distinct geological compartments (Figure 1). The monitoring and 
intervention intensities need to increase when discrepancies between the predicted and the actual storage 
conditions appear, or further increase and protected resources such as the groundwater are threatened. 
However, a critical aspect in this concept is the localization of CO2 or formation water leakages. It has to 
be regarded that CO2 leakages can occur at lateral distances of several tens of kilometers from the storage 
formation due to the properties of multi-phase flow and the highly anisotropic and heterogeneous 
structures of cap rocks and near-surface protected resource formations. This also applies to leakages of 
formation water into near-surface ground water, because the increase in the reservoir pressure can also 
spread over several tens of kilometers. In the case of a well-founded suspicion of a CO2 or formation 
water leakage into the protected groundwater resource, a monitoring technology needs to be available in 
order to identify the source of leakage within a short time (months) and large survey areas (several 
hundred km2). Following the identification of the leakage`s position, further methods for verifying and 
quantifying the leakage have to be applied. This leads to intervention methods such as the pumping of 
formation water in order to protect the groundwater resource. 
Figure 1: Visualization of the spatial delineation of compartments involved in the underground CO2 storage (here: saline porous 
aquifers) using an ideal geological profile of Northern Germany. The chosen spatial scales illustrate the sizes of the different 
monitoring compartments [3] 
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Unfortunately, monitoring concepts for achieving this aim are barely discussed in the literature [1]. 
Furthermore, an empiric basis with respect to the behavior of recent CO2 leakages in the groundwater and 
the options to detect these hardly exist. The aim of this study is to describe options for area-wide 
monitoring and to discuss eligible monitoring methods such as airborne electromagnetics based on the 
natural variability or heterogeneity of the subsurface. This natural heterogeneity was also observable 
during a field leakage experiment in a near-surface aquifer [5]. 
Even if CCS was only applicable in Europe in the off-shore region in the coming years, these 
monitoring concepts would be of high importance, because the geological subsurface will be increasingly 
used in the context 
energy carriers such as H2 or CH4 can be synthesized by discontinuously-producing regenerative energy 
sources such as wind energy and thereafter stored in the subsurface.  
Groundwater monitoring using geochemical and geoelectrical methods 
Parameters that could be influenced by CO2 intrusions 
Focusing the monitoring on near-surface groundwater, the leakage of CO2 into such an aquifer generally 
results in lowering the pH-level due to the formation of carbonic acid and thereafter to the dissolution of 
carbonates thereby increasing the amount of dissolved calcium, magnesium, and bicarbonate as well as 
raising the electric conductivity (EC) [6]. However, the leakage of gaseous CO2 into a freshwater aquifer 
might also lower the electric conductivity due to the comparatively high electric resistivity of the gas. The 
influence of aquifer parameters (e.g. formation pressure, permeability, and effective porosity), the CO2 
leakage rate, the groundwater flow velocity, and the aquifer topography on the extent and migration of 
CO2 gas phase bodies in shallow aquifers is exemplified [7]. They found the highest impact on the extent 
of the gas phase body in dependence of the aquifer pressure and the leakage rate. 
 
 
Figure 2: Distribution of selected species after 320 days of simulation time. Longitudinal and vertical scale in m. Resistivity is 
depicted in Figure 4 
 
The expansion of a CO2 plume as a leakage result was simulated using the code OpenGeoSys coupled 
with the geochemical simulator PhreeqC. Geochemically, the model aquifer had a comparatively low 
calcite content of 1 g per kg sediment. The groundwater was initially in equilibrium with calcite. The 
cation exchange is regarded, and the capacity is set to 2 meq/100 g sediment representing very low clay 
concentrations in the sediment. The CO2 source is defined as an immobile gas phase having a length of 
50 m and a thickness of 50 cm which is positioned at the top of the aquifer. The CO2 is dissolved in the 
groundwater to a maximum concentration of 0.199 mol/kgw (Figure 2). The dissolved CO2 is advectively 
transported and the pH-value drops to 6 due to the formation of carbonic acid. The calcite is successively 
dissolved producing a migrating dissolution front and raising the dissolved calcium concentrations. These 
and the H+ cations replace Na+ (and Mg2+) at the exchange sites leading to differing cation distributions. 
0 50 100 150 200
0
20
0 50 100 150 200
0
20
0.00
0.08
0.16
0 50 100 150 200
0
20
0.0
0.3
0.6
0.9
0 50 100 150 200
0
20
0.000
0.004
0.008
TIC [mol/kgw]
calcite [g/kgsed]
CO2 gas phase
0 50 100 150 200
0
20
0.0004
0.0006
0.0008
0.0010
Ca [mol/kgw]
0 50 100 150 200
0
20
4.5
5.5
6.5
7.5pH Na [mol/kgw]
flow direction
 Frank Dethlefsen et al. /  Energy Procedia  37 ( 2013 )  4886 – 4893 4889
At the end of the simulation time of 320 days, the calcite close to the CO2 source is depleted, allowing the 
pH-level to drop to 4.9 and the Ca2+, Na+ concentrations to drop to the starting values in this area. 
Ranges of natural changes for parameters that could be influenced by CO2 intrusions.  
In spite of the importance of carbonate minerals in near-surface aquifers for geochemical reactions, the 
carbonate mineral distribution in North German Pleistocene aquifers is unknown. Ohse [8] determined a 
carbonate concentration of 5 % in such a Pleistocene aquifer, but it is also known that corresponding 
aquifers at other sites are free of carbonates [9]. The data density regarding ground water compositions is 
significantly higher, as depicted in Figure 3. In Figure 3 each data point represents the average value of a 
time series covering three decades of groundwater measurements in the upper, unconfined aquifer at 
depths less than 25 m below ground surface. It can be recognized that the pH-values cover a large range 
between approximately 4 and 8, where the low pH-values occur in the glacio-
the center line of the state. The low pH-values are accompanied by low concentrations in calcium and 
total inorganic carbon (TIC). From these data a low content of mineral carbonates in the aquifer can be 
deducted. Schulz [9] related low pH-levels in these aquifers to podzol soil covering these aquifers. 
Furthermore, beneath moor provinces in this region pH-values are generally low due to the high content 
of organic acids. Pleistocene aquifers in greater depths generally show near-neutral pH-values and higher 
concentrations in dissolved calcium and total inorganic carbon. This implies the occurrence of carbonates 
in this aquifer. However, in the vicinity of salt deposits, sodium and chloride concentrations are increased, 
raising the EC.  
  
  
Figure 3: pH and EC values  in unconfined aquifers <25 m depth b.g.s (top) and in confined aquifers 50-75 m depth b.g.s. 
(bottom) in the German state of Schleswig-Holstein. Data provided by the State Agency for Agriculture, Environment and Rural 
Areas (LLUR) of the State of Schleswig-Holstein, Germany 
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Simulated sensitivity of a geoelectrical monitoring method 
The variation of the EC monitoring parameter due to a CO2 leakage needs to be evaluated as to the 
natural variation of this parameter. We calculated a strong increase in the EC of 200 and 460 mS/m, 
respectively, after one day of CO2 intrusion into a 10 and 250 m deep near-surface North German aquifers 
containing calcite applying the simulator PhreeqC [10]. The CO2 intrusion into the same aquifer type 
without calcite but containing typical silicates led to a calculated increase of about 7 mS/m. From this 
preliminary study, we identified that knowledge concerning carbonate content of the freshwater aquifers is 
of high importance when defining the expectation of the impact of a CO2 leakage.  
Knowing the geochemical properties of the near-surface North German aquifers, especially the EC, 
and the expected changes in the EC due to potential CO2 leakages allows for evaluating the detectability 
of CO2 leakages based on the measurement of the EC in groundwater samples. The expected changes of 
the EC due to the CO2 leakage into a Pleistocene aquifer containing calcite (200 to 460 mS/m, depending 
on the depth between 10 and 250 m) would clearly be detectable in groundwater analyses based on all 
background values of the electric conductivity depicted in Figure 4. 
The calculated increase of 7mS/m following a CO2 leakage into non-calcareous aquifers would only 
be detectable in areas with particularly low electric conductivities. However, as shown in Figure 3, in the 
center of Schleswig-Holstein, where these non-calcareous aquifers are expected, the EC in the 
groundwater hardly exceeds 40 mS/m. An increase in the EC of 7 mS/m would therefore be detectable in 
groundwater samples, especially when the result of a base-line monitoring was conducted before the 
leakage occurred. 
The OpenGeoSys simulation provided the calculated resistivity distribution (Figure 4). The resulting 
spatial distribution of the calculated electric resistivity could be detected by geoelectric modeling studies 
using synthetic data. Geoelectrical investigations can measure the electric resistivity of the underground 
so that boundaries between high resistivity sediments like sands and low resistivity units like clays or 
marls can be delineated. The electric resistivity is also strongly influenced by the electrical conductivity 
of the groundwater, so that changes in groundwater salinity through calcite dissolution can also be 
detected, even when the sandy aquifer is overlain by a 10 m thick clay layer. Although the clay impedes 
the detection of the geoelectric signal within the aquifer, the virtual CO2 leakage causes a clearly 
recognizable response. A gas phase potentially increasing the resistivity only covers a negligible aquifer 
volume in the OpenGeoSys simulation. 
 
Figure 4: Results of geochemical and geoelectric modeling to detect the simulated impact of the CO2 leakage after 320 days of 
simulation time 
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The numerical results show that the applied geoelectric techniques should be capable of detecting this 
CO2 leakage scenario in an aquifer (Fig. 4). However, scenarios with aquifers depleted in calcite have a 
lower resolution than scenarios containing calcite. In both cases the mapping resolution could be 
enhanced by combining the surface survey with a borehole survey. The resolution is least for the surface 
survey, moderate for borehole-borehole and highest for the combined survey. With increasing monitoring 
depth, the borehole survey is increased in its relative efficacy compared to the surface survey, but the 
drilling efforts also increase.  
Geoelectric monitoring of a CO2 injection field experiment 
In a field experiment in Wittstock (Germany), CO2 was injected into 20 m depth of an 8 m thick aquifer 
being low in calcite (<0.4 wt%). The test site is measuring approximately 20x20 m2 in the injection area 
and a larger area of 80x40 m2 is additionally equipped with monitoring wells. Groundwater samples were 
retrieved from 34 monitoring wells and continuously logged using multi-parameter probes. The EC 
increased from 50 to 70 mS/m in a monitoring well 5 m downstream the CO2 injection points [5]. The 
impact of the rising EC at the test site could clearly be detected by applying detailed borehole 
geoelectrical measurements [11].  
However, it has to be noted that the injection locations were perfectly known and consequently the 
geoelectrical monitoring could be designed in the way that would allow for the best detection results 
possible. In the case that the injection points, or leakage points, had not been known, any geophysical 
survey would have had to be planned on a much larger scale, and such a finely discretized electrode setup 
would not have been chosen. Consequently, an area-wide geoelectrical survey would perhaps only 
produce one average EC value for this 20x20 m2 area. The baseline EC measurements before the CO2 
injection in this area provided an average value of 57.7 mS/m (±7.7 mS/m standard deviation). After 100 
days, where the aquifer contained the maximum amount of dissolved CO2, the averaged EC had increased 
to 62.7 ± 10.7 mS/m. These values mainly coincide with the results of a site model, where 54.5 ± 0 mS/m 
were calculated before and 58.2 ± 4.7 mS/m after the CO2 injection. The increasing standard deviation 
indicates that certain parts of this test site were more intensely influenced by the consequences of the CO2 
injection than others. However, it has not yet been evaluated whether area-wide geophysical monitoring 
techniques would be able to detect this comparatively small change in the averaged EC. Further data 
evaluation is in progress and a detailed publication is in preparation. 
Potential perspective: airborne electromagnetics  
The option to conduct an area-wide survey of groundwater EC in order to detect CO2 or formation 
water leakages into near-surface aquifers can potentially be provided by the application of airborne 
transient electromagnetics (TEM) [12;13]. As parts of the CLEAN project an airborne survey covering an 
area of approximately 15 km2 was carried out by SkyTEM (Beder, Denmark) [1;14]. In the SkyTEM-
system, electromagnetic transmitters and receivers are mounted on a helicopter carried coil. TEM 
primarily aims at locating conducting geological layers like clay and layers with salt water (Figure 5).  
By comparing a base-line monitoring, in which the electromagnetic signals are the result of the hydro-
geological setting of the site, to surveys performed during and after a CO2 or formation water leakage, this 
airborne survey can become a first detection method for leakages applied to large areas. However, this 
technology has so far not yet been applied in areas with CO2 or formation water leakages. 
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Figure 5: Vertical electric resistivity sections  for depths between +40 and -300 m above sea level resulting from an 
aeroelectromagnetic survey using SkyTEM. Data between the two white lines exhibit less reliability; data below the lower white line 
are not reliable [14]. Blanked areas are deleted due to interferences caused by infrastructures such as roads and wiring. 
Conclusions and Perspective 
This study exemplifies the interconnected approach to define the monitoring requirement of a CCS site, 
and to develop thereupon a monitoring concept including the verification of the technical capabilities in 
order to conduct a successful monitoring action. The monitoring methods must differentiate between 
aiming at an area-wide survey for the first detection of a leakage and the detailed assessment of an already 
known CO2 plume. For the latter the experience of comparatively standard hydrogeological and 
geophysical approaches can be utilized. However, the options for area-wide survey in the frame of the 
first detection of a leakage needs to be improved. This could be achieved by applying newly-developing 
techniques including the airborne transient electromagnetics. Their suitability should be verified 
depending on various realistic geological settings and boundary conditions of CO2 leakages in numerical 
simulations and field experiments. Furthermore, a better characterized geological subsurface by, for 
instance, providing a more detailed knowledge about the distribution of reacting minerals is needed.  
This monitoring concept can also be adapted to the storage of gases other than CO2 or heat, which is an 
important issue for underground land-use planning. The principle requirements, namely the definition of 
monitoring compartments and objectives, can be similar. For instance, for the storage of CH4, H2, or air 
(O2), different geochemical reactions have to be regarded and the monitoring parameters have to be 
chosen according to these reactions. However, the need for a characterization of the geological 
compartments and the evaluation of the sensitivity of the monitoring methods remains the same. 
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